Steady state engine cycle analysis is commonly used in pre-design phases of liquid propellants rocket engine development. In the engine development process, a high level systems analysis, which examines the engine cycle allows a preliminary design of the engine components in terms of the operational envelope, within which the engine components are required to function. This paper compiles the general methodology and component models used in DLR's cycle analysis tools. The paper describes briefly the tool's heritage. Methods used for component modeling are described in detail. Some sample calculations of rocket engines are provided as validation examples.
Introduction
Engine systems analysis is a fundamental area of expertise for preliminary design of both engines as well as launchers. For launcher design, the engine analysis is invaluable, in that it provides a rough estimate of the engine thrust and specific impulse. Furthermore, it is also important in defining the interfaces between engine and launcher in terms of high level parameters, such as the necessary tank volumes and sizes (which affect the launcher structural index, hence performance), pump inlet pressures (which affect the tank pressure and thus again the launcher structural index), tank pressurization, etc.
The purpose and tasks of the space propulsion systems analysis in the DLR are mainly:
• Definition of boundaries and design space for component development • Evaluation of new concepts • Estimation of the impact and effects of changes and improvements on component level on the entire system (engine and launcher) • Analysis of whole parameter space in short duration • Main application on TRL level 1-3 (project phases 0/A) Accordingly fig. 1 shows how quality (i.e. accuracy), cost (i.e. manpower) and time (i.e. calculation times) relate for this task. 
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Steady State Cycle Analysis Tool
The current version of DLR's in house steady state rocket engine cycle analyses code is named KOBRA (which stands for Komponenten-Basierte Raketenantriebs-Analyse -ComponentBased Analysis of Rocket-Engines).
Tool heritage
ST was initially developed by Manski in the 1970s.
1) It was used and upgraded until 2000. It contained hard coded cycles, including engine mass estimation, as well as vehicle models and trajectory simulations. SEQNEW was developed by Saßnick and Görtz in the 1990s.
2) It allowed a flexible user defined cycle definition and contained routines for tripropellant and multiple thrust chamber engines. LRP was developed by Herbertz in the previous decade.
3)
It is based primarily on SEQNEW, including few elements of ST and several adaptations for modeling of transpiration cooled rocket engines. KOBRA is the latest version of the cycle analysis code and based on LRP. Most notably a user friendly input/output environment is currently under development.
This paper discusses methods used in the tools SEQNEW, LRP and KOBRA. The numerical implementation of the cycle calculations remains largely unchanged throughout the versions.
Sample Calculations
In this section some sample calculations are provided to give an overview of the tool's applications. The steady state cycle analysis code is in use since the 1990s. Typical individual data accuracy is in the range of ±5%. Various sample validation cases have been published in the past.
2) 3) 4) 5) 6) 7) Figures 2 and 3 show sample calculations of rocket engines with different engine cycles.
Numerical Concept
The program calculates all engine cycle components in a sequential loop (i.e. the output of one component is the input of the following component), until predefined conditions are met. Typically such conditions, as represented by equations like eq. (1), are the power balance of turbines and pumps, critical sonic condition at the thrust chamber's throat, or the fulfillment of certain global engine parameters, such as a given thrust level, etc.
Certain conditions can be linked to component settings (e.g. the pump exit pressure is varied in order to establish a given chamber pressure). Each constraint yields a nonlinear equation of the type of eq. (1). This results in a system of nonlinear equations (or rather dependencies), which is solved numerically.
The applied numerical method is a damped multidimensional Newton's method. Newton's method does not always converge and cannot be applied in case of local derivatives of 0 (condition: f (x i ) 0). If it does converge, it converges the fasted, compared with other commonly used numerical root-finding algorithms. 8) Since sometimes multiple solutions exist, the initial values have to be chosen carefully. The partial derivatives of the functions f i from eq. (1) form a numerically approximated Jacobi matrix:
The multidimensional Newton's method is iteratively applied according to the following equation:
The individual values are varied up to given maximum step sizes. Values with a strong influence on the calculated components, such as the exit pressures of turbo machines, can thus be varied in small steps, substantially lower than the respective domain. To allow handling of very different physical values in the same Jacobi-matrix, each value is normalized (z norm ) . This weighing has an influence on the applied abort criterion and has to be selected with care. The solver uses the following two abort criteria:
• The maximum allowed number of iterations is reached (it ≥ it max )
• The variation of the actuating variables is below a given threshold (ε 1 ):
With the fulfillment of the convergence criterion before any abort criteria are met, the calculations are successfully concluded:
Fluid properties
The thermodynamic properties of the propellants are calculated by different methods.
Properties of hydrogen and oxygen
Implemented are the DLR codes FLUIDP and H2O2N2 for the calculation of fluid properties of hydrogen, oxygen and their reaction products.
10) The program H2O2N2 works similar to the also included NASA code Chemical Equilibrium with Applications (CEA).
11)
Properties of hydrocarbons
For the analysis of hydrocarbons the method of Lee and Kessler has been implemented. 12) First reduced temperature (T r ) and pressure (p r ) are calculated based on the critical temperature and pressure. With them the compressibility factor (Z) and a the ideal reduced volume (V r ) are calculated. Finally the calculated values are used to establish the departure functions, which in turn allow calculation of the thermodynamic properties with respect to the calculated ideal state.
Combustion products
Hot gas properties are in all cases calculated by an integrated version of the NASA code CEA. Shifting chemical equilibrium is currently assumed for all calculations. Prospective reaction products are determined based on the chemical composition of the reactants. For the potential reaction products the state of minimal free enthalpy is determined (Gibbs energy, g). The minimum of the Gibbs function determines the state of chemical equilibrium. 13) Heat capacity (c p ), enthalpy (h) and entropy (s) relate to the Gibbs function as follows:
In the code the values are calculated by a polynomial of fourth order, or the integration thereof.
14) The coefficients (a i ) are taken from a properties data base.
Tabulated data
To speed up calculation times, fluid properties can be interpolated from tables. The tables were generated beforehand by the above described methods.
Boundary conditions
Since the solver uses a pure mathematical concept, values for the actuating variables are generated irrespective of their physical representation. Any rational number can be in principle the next iteration result of the solver. In order to avoid computational errors, specifically in the fluid properties routines, extreme values (such as negative pressures etc.) have to be filtered out. To avoid running into singularities a small gradient must however always remain. Critical components therefore use an image function to filter the component settings. The image function uses the hyperbolic tangent: As can be seen in fig. 4 values within certain boundaries are not critical and will be used as is (shown as straight line in the figure). Once the solver gets close to the boundary (usually δ = 10 −5 (x 1 − x 0 ) produces good results) or crosses it, the value will be transformed to a value which converges asymptotic to the boundary.
Numerical implementation
The code is primarily written in FORTRAN 90, allowing to incorporate vintage software packages. Input and output is handled by text files (comma-separated values (CSV) files for output and post processing). The data visualization and plotting is performed externally by MS Excel Visual Basic for Applications (VBA) and Python 2.7 routines.
Component Models
The program applies the following conservations laws between each component entry and exit state. Furthermore the exit state of one component is also the entry state of the next component. Calculations are made one dimensional and stationary. The following simplified equations therefore apply for the conservation of mass, impulse and energy:
Since the output of one component is the input of the next, the order of calculation, as given in the programs input file is critical. In some cases, such as hydraulic boost pumps, a circulation of propellants may exist in a rocket engine. Figure 5 shows schematically such a circulation. Components are calculated in this example in order of ascending numbers from 1 to 5 . The power balance between turbine 5 and boost pump 1 can be achieved by the setting of the distribution 4 as actuating variable. The boost turbine mass flow 5 joins the pump mass flow at the confluence 2 . This impacts on the main pumps mass flow 3 . Since components are calculated sequentially this would lead incorrectly to a partial derivative of the pump power 3 to the turbine mass flow 5 of zero, preventing convergence of the solver. To avoid this problem several loops of the program are run, until changes in values from one run to the next are below a certain threshold, before the next iteration step is performed by the solver. For an accuracy of 10 −4 two additional runs per solver iteration step are typically required.
Turbopumps
Turbopumps are modeled in three parts: turbine, pump, and shaft. The calculation of turbine and pump efficiencies is based on textbook methods. 15) 
Turbine
Turbines are modeled as a polytropic expansion. Figure 6 shows the process in an enthalpy-entropy diagram.
The calculations performed as follows. First an isentropic change of state is calculated. Then according to the turbines isentropic efficiency the exit specific enthalpy h 2 is calculated according to eq. (16) . Finally with the given exit pressure and enthalpy the fluid properties at the turbine's exit are calculated. The efficiency may be provided by the user or estimated by the program. In order to estimate the efficiency, the isentropic spouting velocity is calculated using eq. (17)
Where the pressure ratio Π is defined by eq. (18) (cf. fig. 6 for subscripts 1 and 2).
With the given inlet temperature T 1 based on tabulated material properties, 15) a maximum allowable turbine pitchline velocity v p can be determined. With the resulting velocity ratio vs vp and empirical data from NASA SP-8107 16) (cf. fig. 7 ), the turbine efficiency is estimated. Fig. 7 .
Turbine efficiency vs. velocity ratios for single stage turbines. 16) If no turbine type is specified by the user an optimum type (i.e. the one with the highest efficiency) can also be derived from the graphs. 
Pump
The pump is calculated similarly to the turbine, but as a polytropic compression. Figure 8 shows the change of state in an enthalpy-entropy diagram.
The pump efficiency can again be determined by textbook methods. 15) 
Shaft
The component model of the shaft currently has the functions of calculating and establishing the power balance of the turbopump in the cycle analysis. The user can specify an overall efficiency regarding the power coupling between turbine and pump. An additional efficiency (cf. eq. (20)) beyond those of the turbine and the pump allows representing of gear losses, leakage etc. The program estimates the rotation speed empircally based on volume flow, fluid properties and pump head. 15) P pump = {ṁ |Δh|} pump = η shaft {ṁ |Δh|} turbine (20)
Turbopump mass
A detailed analysis of the turbopump can be performed with the DLR tool LRP-mass 17) postprocessing the results of the cycle analysis. During the cycle analysis the mass of the turbopump is estimated by a power function of the shaft's torque. 15) The mass estimation does not further distinguish between turbine, pump, shaft and casing.
Valves
The valve components are handled as a pressure drop, thermodynamically similar to the turbine component, there is however obviously no power coupling included. The mass estimation uses an empirical model relate to the valve diameter. 
For this estimation a flow velocity of v = 40 m/s is assumed.
Thrust chamber
The thrust chamber consist of several components.
Injection head
The injection component calculates a pressure loss, which is handled similar to the valve component. After reducing the pressure of the injected fluids to the same level, then combustion calculations are performed. An ideal calculation is followed by a calculation for a given combustion efficiency (cf. eq. (23)). A first calculation yields the ideal combustion temperature (T id ). A second calculation at a reduced temperature produces the expected performance values.
The difference in enthalpies between the ideal combustion temperature and the real temperature is carried on as "hidden" enthalpy. The hidden enthalpy represents combustion inefficiencies with remaining pockets of fuel or oxidizer. In case of a later combustion (such as in a staged combustion cycle), this enthalpy becomes available again. Figure 9 illustrates the concept of the "hidden" enthalpy in the combustion calculations. 
Combustion chamber
The chamber is calculated as a finite area combustor (FAC). If no characteristic chamber length is given, reference values for l * are used according to the applied propellants. 15) The component uses the combustion products total conditions, as calculated by the injector component, as input. The accelerated conditions in the cylindrical chamber and at the throat are calculated, such that the flow velocity reaches sonic velocity at the throat, and the chamber area corresponds to a given chamber contraction ratio, according to eq. (24). Figure 10 shows the changes of states in the thrust chamber.
h o t g a s e s r e a c t a n d s Fig. 10 .
Hot gas expansion in the thrust chamber in an enthalpyentropy diagram.
Chamber cooling
The heat exchange is handled by a separate component. A starting value for the total heat flux has to be provided by external means, such as experimental data, computational fluid dynamics (CFD) analysis or estimations based on observed temperature changes in the cooling channels. This reference heat flux is then scaled by the chamber cooling component according to geometric changes in the chamber surface area and pressure changes on the hot gas side. The heatflux scales with the chamber pressure as follows: 19) 
This heat flux is then applied to both the hot gas and the coolant side, allowing calculation of enthalpy changes:
Nozzle
This component calculates the supersonic expansion of the hot gases. The expansion is calculated with an isentropic efficiency, using the same method as in the previously discussed turbine component. The exit pressure is used as an actuating variable to enable the solver to reach a user defined nozzle area expansion ratio.
Thrust chamber mass
The mass of the thrust chamber is calculated by a textbook method. 15) Calculations of chamber and nozzle geometry are used as a basis. The wall thickness is assumed according to the hoop stress induced by 4 times the chamber pressure (doubling of the pressure to take fluctuations into account and doubling again as safety margin). With given material properties for chamber and nozzle this leads to a mass estimation. Based on empirical data the injector is assumed to have the same mass as the mass calculated for the chamber section. 15) 
Gas generator or preburner
The gas generator is currently handled similar to the calculation of the combustion process, described in the thrust chamber section, with the exception that a lower combustion efficiency is assumed. The mass estimation uses basically the same method as described above for the thrust chamber. The only difference is that due to the inefficient mixture ratio of the propellants, the characteristic chamber length (l * ) is assumed to be twice the reference literature value for the applied propellants.
20)
Thrust frame
For some engines (usually those with multiple chambers) the thrust frame is an integral part of the engine assembly. In many engine applications the thrust frame is however part of the rocket stage. The calculated thrust frame mass is therefore an optional part of the engine mass budget in the cycle analysis. The thrust frame mass is estimated by an empirical method, based on the engine's vacuum thrust level: 21) m thrust frame = 2.04 10
1.15 (28)
Conclusion and Outlook
The discussed cycle analysis tool family SEQNEW, LRP and KOBRA has been in use in the DLR since more than 20 years. Validation has been performed on the cases of several European and some non-European rocket engines. The applied methods seem appropriate for high level evaluation of thermodynamic processes inside the feed system and combustion devices of liquid propellant rocket engines.
Currently foreseen future versions of the code will improve on user friendliness of the input and output formats.
